The paper refers to a structural finite element analysis on the reservoirs for sludge fermentation at Glina Waste Water Treatment Plant. The purpose was to assess the dynamic response of the structure, the stress and deformation states due to the design earthquake. A linearelastic analysis was performed, according to the Romanian actual codes, in order to verify the design provisions and to emphasize the sensitivities, for a structure which was designed by analytical procedures. The results obtained on the numerical models highlight the importance of the soil-structure interaction, in peculiar the one influenced by the soil mass deformability, on the overall structural response. Based on the results of the analysis, an in-situ measurement campaign for structural dynamic characteristics was initiated, taking advantage of the ongoing repair works with subsequent exhaustion and re-filling of reservoir No. 4.
Introduction
This paper resumes the presentation of modeling procedures and results concerning the structural analysis and soil-structure interaction of the sludge fermentation reservoir' at Glina waste water treatment plant. The first part, dedicated to static analysis, was presented before in the same journal, Vol. 9 No. 1 -2013 . Information regarding the design data, FE models, concrete prestressing simulation, calibration, where given at large in the first part of the study. The dynamic analysis was performed basically on the same structural models, being modified and adapted according to specific needs.
The dynamic response of the structure, defined by its own vibration modes and shapes, as well as the spectrum analysis, was analyzed on the numerical model considered base-embedded (with constrained foundation slab). The complete soil-structure assembly was used only for the equivalent static analysis.
Structural design data
The reservoirs for sludge fermentation are civil engineering structures made in reinforced prestressed concrete with post-tensioned reinforcement. The reservoir's shape was designed to satisfy the technological requirements for the fermentation process as well the optimization of its structural behavior. The result is a special axial-symmetrical volume, made of thin plates with toroidal, tapered and cylindrical shapes. The internal geometry provides a satisfactory hydraulic spectrum for the sludge recirculation, an external surface close to minimum and an advantageous behavior for static and dynamic loads.
Information concerning the geotechnical characteristics of the ground where limited when the analysis was done, but according to the design provisions, the foundation slab is placed over a 1.5 m thick sand and gravel layer, replacing the deformable natural clayey/dusty ground encountered down to the depth of 5 m. Below, the natural ground is made of sandy and sand and fine gravel layers with medium boulders, down to a depth of 18 m. The ground water level was intercepted at a depth of 4.5 m. A sketch of the structure is provided in the previous paper. 
Stages of dynamic analysis
According to its objectives, the dynamic analysis followed the subsequent stages: a) Modal analysis, extracting a significant number of own vibration modes (shapes and frequencies), on empty and filled-up reservoir. For all the above analysis stages, the model is assumed to pay linear-elastic behavior, cumulative effects of load cases being permitted.
Interaction between Structure and Sludge Mass
The specific structural design refers to stress and displacement fields under the maximum values of the hydro-dynamic pressure. The structural response of a reservoir can be framed into one of the following categories:
-The response in accelerations, when the fluid-reservoir assembly behaves like a rigid system, the fluid mass being one with the structure;
-The response in displacements, when the fluid-reservoir assembly behaves like independent components; the fluid reveals low frequency oscillations and low damping (a quasi sinusoidal response).
According to the European design code EN 1998 -4:2006 and the engineering practice, the earthquake design of reservoirs applies to splitting the response components, with different approaches.
In case of the response in accelerations, the fluid mass has the same accelerations and displacements as the structure does. The earthquake effect is dominated by the inertia loads related to both components. In case of the response in displacements, the fluid mass oscillates inside the reservoir, inducing high hydro-dynamic pressures on the reservoir walls. The weight of each type of response can be assessed invoking a simplified approach. The total fluid mass M is replaced by two equivalent masses, M 0 and M 1 . The mass M 0 stands for the response component in accelerations and is "glued" to the reservoir. The mass M 1 stands for the response component in displacements and is attached to the reservoir by two springs, with equivalent stiffness of the fluid mass oscillation. Each mass is subjected to inertia loads c×g×M 0 and c×g×M 1 , where c is the seismic coefficient. The equivalent masses are:
with R the reservoir radius and H the fluid height inside the reservoir.
Replacing the mean value of radius R = 7 m and the height H = 36 m, the equivalent masses yield M 0 = 0.967M and M 1 = 0.0901M. Hence, for the dynamic analysis, the sludge mass was considered "glued" with the reservoir. The option is also justified by the fact that, in common induty conditions, the reservoir is filled-up to elevation +34.50 m, no space being available for fluid oscillations (sloshing effect).
Modal Analysis
The modal analysis is performed on the structural model embedded at the bottom of the foundation slab. This approach is justified by the relative high deformability of the foundation ground, which roughly modifies the dynamic response of the assembly. The modal analysis was performed on both empty and filled-up reservoir conditions. The mass characteristics of the model are given by:
-the own mass of the structure, by assigning the solid elements density;
-the additional masses, attached to the nodes placed on the inner surface of the reservoir, to catch the contribution of the contained sludge to the own vibration frequencies.
The stiffness characteristics of the model are given by the elasticity modulus assigned for concrete. The preliminary test revealed that the pre-stressing fascicles have little influence over the dynamic response, thus the pre-stressing effect was neglected. The elasticity modulus was assigned equal to the one used in static analyses (at least till the calibration in the field measurements will be finalized), due to the following conflicting reasons:
-usually, the dynamic modulus is higher;
-the lower cylindrical plates of the reservoir, with passive reinforcement (and no prestressing) may exhibit some post-elastic behavior in case of strong dynamic loads, diminishing the modulus value.
Additional Masses
The additional masses, connected to nodes placed on the inner surface of the reservoir, where assessed by dividing the total sludge volume into 19 partial volumes, along the elevation. Each mass was again divided by the number of available nodes corresponding to the partial volume. The discrete vertical distribution of masses is represented in figure 2 . A total number of 8390 concentrated mass elements were defined between elevations ±0.00 and +35.30. The additional mass distribution is summarized in the adjoining table. 
Modal Analysis Results
For both the empty and the filled-up reservoir, the first 10 vibration modes where considered. Due to the double symmetry of the model, the pairs of vibration modes have almost identical frequencies and shapes, as a result of numerical approximation.
For the empty reservoir, the first natural frequency is F 1 = 9.798 Hz (corresponding to a natural period of T 1 = 0.102 sec), while the vibration shape in the first mode represents a balance by translation along an oblique direction (between the meridian stiffeners) oriented at 21 degrees from the x axis. The frequencies for the first 10 vibration modes are given in table 1. The representations of the vibration shapes revel that the modes 3, 4, 5, 8, 9, 10 do not affect the main structure, but only the upper cantilever plate (figures 4 -6). The results on the empty reservoir are used only for comparison with those obtained in filled-up conditions and for later calibration of the model (with the in-situ frequency measurements). The modal analysis performed on the filled-up reservoir yield the results given in table 2. The first vibration frequency is F 1 = 5.214 Hz (a fundamental period of T 1 = 0.192 sec), with the same vibration shape as for the empty reservoir. The presence of additional masses does not affect only the natural frequencies, but also the vibration shapes, emphasizing the deformation of the reservoir itself, including general torsion. Some examples are represented in figures 7 -9. 
Spectrum Analysis
This analysis is based on the results of the modal analysis carried out on the filled-up reservoir. The embedded structural model was used.
Response Spectra
The elastic response spectra for the reservoir location (T C = 1.6 sec, ξ = 5%) are considered according to the Romanian design codes P100/2006 and P100/2013. The difference is made by the maximum value of the amplification factor β(T) and the corner period T B . According to the fundamental period, the maximum amplification corresponds to the former design code P100/2006, thus only these results will be represented (all the more, no significant differences were noticed).
For the design spectra, the reservoir was framed into class II (γ I = 1.2), as for the structural behavior coefficient q, according to EN-1998-4:2006, for concrete fluid tanks, the maximum value is q = 1.5. The option is justified also by the fact that most of the structure is presumed to remain in linearelastic state. The maximum ground acceleration on site is a g = 0. The stress and deformation state (combining the first 10 modes) is exclusively due to the seismic action (no gravity loads considered). The deformed shape indicates a global displacement with two components (u y,max = 7.28 mm and u x,max = 2.69 mm), the larger one along the direction of the applied spectrum. Results of stress distribution are picked-up for separated structural components and represented in figures 14 -17. Based on the same spectrum analysis, the distribution of horizontal acceleration calculated in all nodal points of the mesh becomes available. The distribution of total acceleration a sum represented in figure 18 emphasizes the dynamic amplification effect along the vertical axis. 
Remarks on Results of Spectrum Analysis
The stress concentrations are located at the base of the cylindrical plates, at the connection with the foundation slab, and at the interface between the toroidal plates and the meridian stiffeners. A sensitive region is also the one joining the inferior tapered and toroidal plates. Maximum vertical tensions up to 6500 KN/m 2 occur in the [STATIC + SPECTUM] combination at the base of the cylindrical plate (outside) and at its embedment into the stiff ring at elevation +12.00 (inside). Along the ring direction (θ) most of the structure remains in compression, except the base of the exterior cylindrical plate. The maximum ring stresses are locally concentrated near-by the meridian stiffeners, where the pre-stressing fascicules are attached, but they are comparable to those drawn out from the static analysis.
For the [STATIC -SPECTRUM] combination, vertical tensions occur only at the foundation slab and the upper horizontal ring at elevation +36.00. Otherwise, the structure remains in compression with maximum stresses up to -10600 KN/m 2 . The ring stress values are similar to those obtained in the first combination.
Concerning the restricted area of the container itself, the vertical stresses due to combination 1 are mostly compressions, except the stiff ring at elevation +12.00, where tensions up to 2850 KN/m 2 occur on both faces. On ring direction (θ), the reservoir structure remains in compression, with no less than -10 KN/m 2 . For combination 2, the vertical tensions move to the upper ring at elevation +36.00, all the other components resting in compression. Along the ring direction only the compressions are present, with a maximum value of -7200 KN/m 2 .
Static Equivalent Analysis
For modeling purposes, where the structural response is expressed in displacements and stresses preserving their real sign, a static equivalent analysis was performed. The main advantages are:
-results are more relevant and intuitive for engineering interpretation; -the complete model, involving the ground -structure assembly is analyzed. The method facilitates getting results on the mutual interaction and interface stresses between the ground and the foundation slab, emphasizes the influence of the ground deformability and makes possible the assessment of settlements, stresses and deformations of the foundation slab. The static equivalent analysis is based on the processed results of the spectrum analysis, modeling the amplification effect and applying horizontal inertia forces, with variable vertical distribution.
Discrete distribution of acceleration
The values of nodal accelerations, available after performing the spectrum analysis, are grouped in successive intervals, corresponding to the additional masses with the same value. For each interval, the acceleration was averaged over the selected set of nodes. The post-processing of nodal accelerations yield into the discrete distribution shown in figure 19 and the adjoining table. The total vibrating mass, made of the structure itself and the contained sludge, was divided into the same intervals by horizontal planes. The local masses of the structure correspond to each delimited concrete volume, as it was shown before. The discrete vertical distribution of the masses is represented in figure 20 . The discrete inertia forces, as multiplication between the discrete masses and the discrete response accelerations, are shown in figure 21 and listed in the adjoining table. The total value represents the base shear force on each direction. Dividing the base shear force by the total weight of the structure-sludge assembly, the global seismic coefficients yield on each direction: c x = 0.11 c y = 0.29 In the framework of the static equivalent method, a unique acceleration value is applied at all constrained nodes of the finite element model (at the bottom of the slab, for the analysis concerning the structure only, and over the lateral and bottom limits of the soil mass, for the complete model). This corresponds to the single point response spectrum used in the spectrum analysis. Thus, in order to keep the same vertical distribution of inertia loads for a unique value of ground acceleration (0.24g/0.30g), the discrete mass distribution was corrected by dividing the inertia force on each interval by the constant acceleration value. The additional masses where reassigned for each interval, while for the structure, the mass modification was performed by modifying the local density. The mass correction procedure was organized as spreadsheets, shown in figure 22. 
Load Case Combination for the Static Equivalent Method
The static equivalent method should consider the cumulated effect of gravity, pre-stressing, internal pressure and inertia forces. Thus, the following load cases were defined:
-STATIC [ST] -the structure subjected to its own weight, pre-stressing and internal pressure (which by default includes the weight of sludge); -STATIC EQUIVALENT Y [EQY] -the structure subjected to horizontal inertia forces along the Y axis, according to the structural response on this direction; -STATIC EQUIVALENT X [EQX] -the structure subjected to horizontal inertia forces along the X axis, according to the structural response on this direction.
The three load cases were joined into the following load combinations: A few examples of results expressed in displacements and stresses over the structural assembly and its components are represented in figures 23 -28. For the embedded model, it is obvious that the displacement field is similar to the one established in the combination with the spectrum analysis. The stress distribution also shows comparable levels of stress and concentration regions. 
Stresses and Deformation of Foundation Soil Mass
Concerning the soil mass, the result of both load case combinations are identical, due to the axial symmetry of the structure and model. The vertical displacements of the ground surface below the foundation slab have a quasi -linear distribution, emphasizing a rigid body behavior of the structure, compared with the deformed soil mass. A local detail of the deformed shape, as well as the vertical displacement graph for the selected nodes at the bottom of the foundation slab are represented in figure 29 . The maximum settlement in the compressed region is about 6.7 cm, while in the opposite direction the ground level mounts for up to 1.4 cm (indicating a local detachment drift at the contact). From the point of view of contact stresses, they are framed between +100 … -570 KN/m The positive values (tensions) are due to the model limitation, which so far does not include contact elements, permitting detachment. In fact, a redistribution of stresses occurs, with an appropriate augmentation of compression stresses. Even so, the local compression stresses are acceptable, considering the short time load' nature. An opinion concerning possible remnant deformations will be expressed after the results of a new and detailed geotechnical study on site. 
Concluding remarks
The results obtained by modeling the spatial interaction of the soil-structure assembly in both stages of the analysis show a significant influence on the structural state of stress and deformation. Despite the axial symmetric shape of the structure, it was demonstrated in both static and dynamic load conditions that the load transmission to the ground through the foundation slab depends on the deformability of the soil mass. The more the ground is deformable, the more a larger fraction of the vertical load is transferred toward the exterior cylindrical plate, to the detriment of the central region of the foundation slab.
From the point of view of stress distribution, interaction proves to be a complex phenomenon. Generally, modeling the deformability of supports reduces the structural stresses, compared with the embedded situation. On the other hand, the ground deformability induces second order effects, augmenting the horizontal load effect (P -Δ). In the peculiar case, a redistribution of stresses between the structural components occurs. The fact is not necessarily determined by the seismic load, but of those due to in-duty conditions, which have the major weight in the load case combination.
